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Abstract 

Ruthenium-based  bimetallic  electrocatalysts  with  non-noble  metals  such  as  Ti,  Cr,  Fe,  Co  and  Pb  were  synthesized  on  a  porous  carbon  support 
using  a  chelation  process.  Rotating  ring  disk  electrode  measurements  indicated  that  RuFeNx/C  showed  the  catalytic  activity  and  selectivity  toward 
the  four-electron  reduction  of  oxygen  to  water  comparable  to  those  of  the  conventional  Pt/C  catalysts.  The  performance  of  the  membrane-electrode 
assembly  prepared  with  the  RuFeNx/C  cathode  catalyst  was  evaluated  for  150  h  of  continuous  operation. 

©  2006  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

The  low  activity  of  cathode  catalysts  toward  oxygen  reduction 
reaction  (ORR)  which  involves  multiple  electron  transfer  steps  is 
one  of  the  major  impediments  to  the  commercialization  of  proton 
exchange  membrane  (PEM)  fuel  cells.  Even  on  pure  platinum, 
the  most  active  oxygen  reduction  material,  potentials  in  excess 
of  300  mV  are  lost  from  the  thermodynamic  potential  for  ORR 
due  to  competing  water  activation  reaction  and  sluggish  kinetics 
[1].  Also,  Pt  remains  an  expensive  metal  of  low  abundance,  and 
it  is  thus  of  great  interest  to  find  Pt-free  metal  alternatives  used 
for  PEM  fuel  cells. 

Ru-based  chalcogenides  of  chevrel-phase  type  (e.g.  M04RU2 
Seg)  were  synthesized  from  a  solid-state  reaction  of  pure  ele¬ 
ments  at  high  temperatures  between  1200  and  1700  °C.  They 
showed  the  significant  catalytic  activity  and  selectivity  toward 
the  four-electron  reduction  of  O2  to  H2O  in  acidic  media  [2] .  The 
octahedral  mixed  metal  clusters  of  Ru  and  Mo  in  chevrel-phase 
serve  as  the  electron  reservoirs  which  facilitate  electron  transfer 
from  the  catalyst  particle  to  the  adsorbed  O2,  thereby  increasing 
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the  catalytic  activity  [3].  Recently,  low  temperature  methodolo¬ 
gies  have  been  developed  to  prepare  amorphous  chalcogenides 
(e.g.  Mo^RuySe^  and  RuxSev)  by  using  metal  carbonyls  [4]. 
Ru/carbide/carbonyl  complexes  formed  on  the  nano- scale  Ru 
colloids  are  believed  to  be  the  catalytically  active  sites  for  ORR. 
Selenium  was  suggested  that  acts  as  a  bridge  to  transfer  electrons 
between  the  Ru-complexes  and  the  colloids  [5]. 

In  our  previous  work  [6]  a  novel  process  was  developed  to 
synthesize  the  carbon- supported  Ru  chelate  (RuN^/C)  electro¬ 
catalysts  for  ORR.  RUCI3  and  propylene  diammine  as  the  Ru- 
and  N-precursors  were  used  to  synthesize  the  catalyst.  Rotating 
ring  disk  electrode  (RRDE)  experiments  indicated  that  the  opti¬ 
mized  RuNA/C  catalyst  exhibited  an  onset  potential  for  ORR  as 
high  as  0.9V(NHE)  which  is  comparable  to  that  of  the  con¬ 
ventional  Pt/C  catalyst.  The  catalyst  generated  less  than  2% 
hydrogen  peroxide  (H2O2)  during  ORR. 

The  objective  of  this  study  is  to  synthesize  Ru-based  bimetal¬ 
lic  catalysts  using  a  chelation  approach.  The  bimetallic  catalysts 
were  prepared  which  contain  different  non-noble  alloying  met¬ 
als  such  as  Ti,  Cr,  Fe,  Co  and  Pb,  and  their  catalytic  activities 
toward  ORR  were  screened  using  RRDE  in  an  acidic  medium. 
The  most  promising  catalyst  (RuFeNx/C)  was  subjected  to 
extensive  materials  and  electrochemical  characterization  studies 
including  the  performance  test  of  membrane-electrode  assembly 
(ME  A). 
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2.  Experimental 

2. 1 .  Catalyst  preparation 

The  desired  amounts  of  RUCI3TH2O  and  Me(N03)yzH20 
(Me  =  Ti,  Cr,  Fe,  Co  and  Pb)  were  dissolved  in  isopropyl  alcohol 
(100  mL).  The  solution  was  refluxed  at  80-90  °C  under  stirring 
conditions.  Next,  propylene  diammine  was  added  into  the  solu¬ 
tion  to  form  Ru-Me-N  complexes,  followed  by  the  addition 
of  carbon  black  powders  (0.4  g  of  Ketjen  Black).  The  resulting 
powder  specimens  were  heat-treated  in  an  argon  atmosphere  at 
800  °C  for  1  h.  The  atomic  Ru:Me  ratio  in  the  catalyst  was  kept 
at  1:1,  and  the  amount  of  catalyst  loaded  on  the  carbon  support 
was  20  wt.%. 

2.2.  Physical  characterizations 

In  order  to  identify  the  crystal  structures  of  the  synthesized 
catalysts,  X-ray  diffraction  (XRD)  patterns  were  recorded  with 
an  automated  Rigaku  diffractometer  using  Cu  Ka  radiation  over 
the  scanning  angle  range  of  10-70°  at  the  scan  rate  of  4°  min-1 . 
To  determine  the  particle  size  of  the  catalyst,  transmission  elec¬ 
tron  microscopy  (TEM)  was  performed  using  a  Hitachi  H-8000 
at  200  keV. 

2.3.  Rotating  ring  disk  electrode  measurements 

The  RRDE  experiments  were  performed  in  a  three-electrode 
electrochemical  cell  using  a  bi-potentiostat  (Pine  Instruments) 
at  room  temperature.  An  RRDE  with  gold  ring  (5.52  mm  inner- 
diameter  and  7.16  mm  outer-diameter)  and  glassy  carbon  disk 
(5.0  mm  diameter)  was  used  as  the  working  electrode.  The  cat¬ 
alyst  ink  was  prepared  by  blending  the  catalyst  powder  (8  mg) 
with  isopropyl  alcohol  (1  mL)  in  an  ultrasonic  bath.  The  catalyst 
ink  (15  |jiL)  was  deposited  onto  the  glassy  carbon  disk  which  was 
previously  polished  with  AI2O3  powder.  After  drying,  10  |ulL  of 
a  mixture  of  Nafion  solution  (5  wt.%)  and  isopropyl  alcohol  was 
coated  onto  the  catalyst  layer  to  ensure  better  adhesion  of  the  cat¬ 
alyst  on  the  glassy  carbon  substrate.  The  electrolyte  was  0.5  M 
H2SO4  solution.  A  platinum  mesh  and  an  Hg/HgSCL  electrode 
were  used  as  the  counter  and  reference  electrodes,  respectively. 
All  potentials  in  this  work  were  referred  to  a  normal  hydrogen 
electrode  (NHE). 

In  order  to  estimate  the  double  layer  capacitance,  the  elec¬ 
trolyte  was  deaerated  by  bubbling  with  N2,  and  the  cyclic 
voltammogram  was  recorded  by  scanning  the  disk  potential 
between  0.04  and  1.04  V(NHE)  at  a  rate  of  5  mV  s-1.  Then,  the 
electrocatalytic  activity  for  ORR  was  evaluated  in  the  oxygen- 
saturated  electrolyte.  The  oxygen  reduction  current  was  taken 
as  the  difference  between  currents  measured  in  the  deaerated 
and  oxygen- saturated  electrolytes.  The  ring  potential  was  held 
at  1.2  V(NHE)  to  oxidize  H2O2  generated  during  ORR. 

2.4.  Performance  test  of  membrane -electrode  assemblies 

The  cathode  catalyst  ink  was  prepared  by  ultrasonically 
blending  catalyst  powder  (0.2  g)  with  Nafion  solution  (5  wt.%) 


and  isopropyl  alcohol  for  5h.  The  catalyst  ink  was  sprayed 
onto  the  gas  diffusion  layer  (GDL)  (ELAT  LT  1400  W,  E-TEK). 
The  process  was  repeated  until  a  total  loading  of  supported 
catalyst  of  6  mg  cm-2  was  achieved.  A  commercially  avail¬ 
able  catalyzed  GDL  (20  wt.%  Pt/C,  0.4  mg  cm-2  Pt,  E-TEK) 
was  used  as  the  anode  for  all  fuel  cell  tests.  A  thin  layer 
of  Nafion  (0.4  mg  cm-2)  was  coated  on  both  the  anode  and 
cathode  surfaces  to  improve  the  adhesion  between  the  catalyst 
layer  and  the  membrane.  The  Nafion-coated  anode  and  cathode 
were  hot-pressed  to  the  Nafion  112  membrane  at  140  °C  and 
at  50  atm  for  90s.  The  geometric  area  of  the  ME  A  used  was 
5  cm2. 

The  MEA  tests  were  carried  out  in  a  single  cell  with  ser¬ 
pentine  flow  channels.  Pure  hydrogen  gas  humidified  at  77  °C 
and  pure  oxygen  humidified  at  75  °C  were  supplied  to  the  anode 
and  cathode  compartments,  respectively.  Polarization  technique 
was  conducted  with  a  fully  automated  test  station  (Fuel  Cell 
Technologies  Inc.)  at  75  °C  and  at  ambient  pressure. 

3.  Results  and  discussion 

3.1.  Catalytic  activities  of  various  Ru-based  bimetallic 
catalysts 

Fig.  1  shows  polarization  curves  on  the  rotating  disk  elec¬ 
trodes  for  Ru-based  bimetallic  catalysts  with  different  non-noble 
alloying  metals.  As  shown  in  Fig.  1,  the  onset  potential  for  ORR 
strongly  depends  on  the  alloying  metal  in  the  bimetallic  catalyst. 
The  RuFeNx/C  catalyst  exhibits  the  onset  potential  for  ORR  as 
high  as  0.9  V(NHE)  and  the  well-defined  limiting  current  below 
0.5  V(NHE). 

The  Koutecky-Levich  equation  was  used  to  calculate  the 
kinetically  limited  current  Iv  [7] : 


Fig.  1.  Polarization  curves  on  the  rotating  disk  electrodes  for  different  Ru- 
based  bimetallic  catalysts:  RuTiNA/C,  RuCrNA/C,  RuFeNA/C,  RuCoNA/C  and 
RuPbNA/C.  The  measurements  were  performed  in  0.5  M  H2SO4  solution  satu¬ 
rated  with  oxygen  at  the  potential  scan  rate  of  5  mV  s-1  and  the  rotation  speed 
of  900  rpm. 
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where  Id  is  the  measured  disk  current,  I\  the  diffusion  limited 
current,  If  the  Nation  film  diffusion  limited  current,  n  the  num¬ 
ber  of  electrons  exchanged  in  the  electrochemical  reaction,  F 
the  Faraday  constant,  A  the  geometric  surface  area,  Co2  the  bulk 
concentration  of  oxygen,  Do2  the  diffusion  coefficient  of  oxygen 
in  the  bulk  solution,  co  the  rotation  rate  in  rpm,  v  the  kinematic 
viscosity  of  the  solution,  L  the  Nation  film  thickness,  Cf  the  reac¬ 
tant  concentration  in  the  Nation  film  and  Df  means  the  diffusion 
coefficient  of  oxygen  in  the  Nation  film.  Since  the  film  thickness 
L  was  reduced  to  the  extent  that  If  became  significantly  larger 
than  /k  and  I\,  the  influence  of  If  on  the  measured  disk  current 
in  our  experiments  was  negligible. 

Fig.  2(a)  presents  typical  Koutecky-Levich  plots  for 
RuFeNx/C  obtained  at  the  disk  potentials  of  0.65  and 
0.70  V(NHE).  A  linear  relationship  between  If1  and  co~m  is 
clearly  observed  and  the  slope  remains  nearly  constant,  regard¬ 
less  of  the  disk  potential,  which  indicates  that  the  electrochemi¬ 
cal  reaction  follows  a  first-order  kinetics  [8].  By  a  linear  extrap¬ 
olation  toward  co  — >  oo,  7k  was  calculated  from  Eq.  (1),  and  the 
resulting  values  at  0.7  V(NHE)  were  summarized  in  Fig.  2(b)  for 
various  bimetallic  catalysts.  The  7k  value  increases  in  the  order  of 
RuCrNx/C,  RuTiN./C,  RuPbN./C,  RuCoNv/C  and  RuFeNA/C, 
indicating  that  the  non-noble  alloying  metal  in  the  bimetallic 
catalyst  has  a  crucial  role  in  the  catalytic  activity. 

3.2.  Physical  and  electrochemical  characterizations  of 
RuFeNx/C  catalyst 

Fig.  3  presents  the  powder  XRD  patterns  of  the  carbon- 
supported  RuFeNx  catalyst  pyrolized  at  800  °C.  For  compari¬ 
son,  the  XRD  pattern  for  the  RuNx/C  catalyst  is  also  shown  in 
Fig.  3.  A  broad  diffraction  peak  resulting  from  the  carbon  sup¬ 
port  is  observed  around  24.5°.  The  XRD  pattern  for  RuNA/C 
clearly  exhibits  the  characteristic  peaks  which  correspond  to 
crystalline  Ru.  As  indicated  in  Fig.  3,  the  diffraction  peaks  at 
38.2°,  42.0°  and  43.8°  are  assigned  to  (1  0  0),  (0  0  2)  and  (101) 
planes,  respectively.  The  three  characteristic  diffraction  peaks 
from  RuFeNx/C  shifted  toward  high  Bragg  angles,  which  indi¬ 
cates  the  formation  of  bimetallic  alloy  of  hexagonal-structure 
with  smaller  lattice  constants  [9] . 

The  TEM  micrographs  of  FeNx/C  and  RuFeNx/C  are  shown 
in  Fig.  4(a)  and  (b),  respectively.  The  TEM  image  of  FeNx/C 
shows  relatively  large  particle  agglomerates  with  diameters  of 
20-40  nm,  while  the  image  for  RuFeNA  exhibits  uniformly  dis¬ 
persed  particles  as  large  as  5-6  nm. 

According  to  the  composition  of  the  precursor  solution, 
the  concentrations  of  Ru  and  Fe  in  the  supported  catalyst  are 
expected  to  be  ca.  13  and  7  wt.%,  respectively.  In  order  to  exam¬ 
ine  whether  or  not  the  formation  of  binary  alloy  leads  to  an 
enhancement  of  catalytic  activity  toward  ORR,  the  performances 
of  the  following  catalysts  were  compared  with  that  of  RuFeNx/C: 


Fig.  2.  (a)  Koutecky-Levich  plots  at  0.65  and  0.70  V(NHE)  measured  on  the 
RuFeNA/C  catalysts,  and  (b)  the  kinetically  limited  currents  4  at  0.70  V(NHE) 
determined  for  various  bimetallic  catalysts. 


(i)  RuNa/C  (13  wt.%  Ru)  and  (ii)  a  physical,  homogeneous  mix¬ 
ture  of  RuNx/C  and  FeNx/C  (13  wt.%  Ru  and  7  wt.%  Fe  in  the 
mixture)  which  is  denoted  as  RuN^/C-FeN^/C. 

Fig.  5  compares  polarization  curves  on  the  ring  disk  elec¬ 
trode  measured  for  different  catalysts  including  the  conventional 
Pt/C  catalyst  (20  wt.%  Pt,  E-TEK).  The  catalytic  activity  of 
RuNx/C-FeNA/C  is  almost  similar  to  that  of  RuNx/C  due  to  a  low 
activity  of  FeN^/C.  On  the  other  hand,  the  bimetallic  RuFeNA/C 
catalyst  shows  higher  activity  and  better  reduction  kinetics  when 
compared  with  RuNA/C-FeNx/C  and  RuN  v/C.  This  reflects  that 
both  Ru  and  Fe  are  responsible  for  the  observed  catalytic  activity 
of  the  bimetallic  alloy:  namely,  RuFeNA/C  shows  the  synergetic 
performance  which  exceeds  the  sum  of  RuNA/C  and  FeNx/C’s 
individual  performances.  The  RuFeNx/C  catalyst  exhibits  only 
30  mV  higher  overpotential  for  ORR  in  comparison  to  the  con¬ 
ventional  Pt/C  catalyst. 

The  percentage  of  H2O2  produced  was  calculated  from  the 
measured  disk  (Id)  and  ring  currents  (7r)  using  the  following 
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Fig.  3.  XRD  patterns  of  20  wt.%  RuNv/C  and  20  wt.%  RuFeNv/C. 


Fig.  5.  Polarization  curves  on  the  rotating  disk  electrodes  for  different  catalysts: 
RuNa/C,  RuNA/C-FeNA/C,  RuFeNA/C  and  Pt/C. 


equation  [7]: 


%  H202  = 


200 (Ir/N) 
Id  +  {It  IN) 


where  N  means  the  collection  efficiency.  Here,  the  value  of  N 
was  taken  as  0.39.  The  results  are  given  in  Table  1  as  a  function 
of  disk  potential  for  different  catalysts:  (i)  20  wt.%  FeNx/C,  (ii) 
20  wt.%  RuFeNx/C  and  (iii)  20  wt.%  Pt/C.  As  shown  in  Table  1, 
the  amount  of  H202  produced  on  FeNAVC  is  even  higher  than 
20%  above  0.5  V(NHE),  while  alloying  of  Ru  and  Fe  results  in  an 
enhanced  catalytic  selectivity  toward  the  four-electron  reduction 
of  02  to  H20.  The  bimetallic  RuFeN^/C  catalyst  generates  less 
than  3%  H202  over  the  whole  potential  range,  which  is  slightly 
higher  than  the  amount  of  H202  produced  on  the  Pt/C  catalyst. 

Fig.  6  illustrates  the  performances  of  ME  A  made  using  the 
RuFeNx/C  cathode  catalyst.  The  polarization  curves  were  mea¬ 
sured  with  H2/02,  and  the  open  circuit  potential  of  the  ME  A 
tested  was  found  to  be  approximately  0.9  V.  The  initial  polar¬ 
ization  curve  shows  the  current  density  of  ca.  0.8  A  cm-2  at 
0.2  V  and  the  maximum  power  density  of  ca.  0.18  W  cm-2  at 
0.55  A  cm-2,  which  are  superior  to  the  MEA  performances  with 
the  Ru-based  cathode  catalysts  reported  in  the  literature  [10,1 1]. 
From  Fig.  6,  it  is  seen  that  the  bimetallic  RuFeNA/C  catalyst 
shows  no  degradation  of  fuel  cell  performance  even  for  150  h  of 
continuous  operation,  i.e.  after  3500  successive  cycles. 


Table  1 

H2O2  percentages  determined  at  different  disk  potential  for  FeNA/C,  RuFeNA/C 
and  Pt/C 


Disk  potential  (V(NHE))  %  H202 


FeNA/C 

RuFeNA/C 

Pt/C 

0.6 

31.6 

2.5 

0.4 

0.5 

22.9 

2.8 

0.4 

0.4 

19.7 

2.8 

0.7 

0.3 

16.0 

2.6 

1.1 

0.2 

12.0 

2.0 

1.3 

Fig.  4.  TEM  images  of  (a)  20  wt.%  FeNA/C  and  (b)  20  wt.%  RuFeNA/C 
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Fig.  6.  Polarization  curves  of  the  ME  A  prepared  with  the  RuFeN^/C  cathode 
catalyst.  The  experiments  were  performed  with  H2/O2  during  successive  cycling 
between  0.2  and  0.9  V. 


4.  Conclusions 


Ru-based  bimetallic  electrocatalysts  with  different  non-noble 
alloying  metals  were  prepared  on  a  porous  carbon  support  using 
a  chelation  method.  The  catalytic  activity  for  ORR  increased  in 
the  order  of  RuCrNx/C,  RuTiNx/C,  RuPbNx/C,  RuCoNx/C  and 
RuFeNx/C,  indicating  that  the  non-noble  metal  in  the  bimetal¬ 
lic  catalyst  has  a  crucial  role  in  the  catalytic  activity.  The 
RuFeNx/C  catalyst  showed  the  onset  potential  for  ORR  as  high 
as  0.9  V(NHE)  which  is  comparable  to  that  of  the  Pt/C  catalyst. 
The  TEM  analysis  indicated  that  the  RuFeNx/C  catalyst  con¬ 


sists  of  uniformly  dispersed  particles  as  large  as  5-6  nm.  The 
MEA  prepared  with  the  RuFeNx/C  cathode  catalyst  exhibited 
the  maximum  power  density  of  ca.  0. 18  W  cm-2  and  no  perfor¬ 
mance  degradation  for  150  h  of  continuous  operation. 
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